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A STUDY OF THE RESISTANCE OF METALLIC CHEMICAL 


ENGINEERING MATERIALS TO CORROSION 
BY PHOSPHORIC ACID. 
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The work in this dissertation has accomplished the 
following things: 
1. After a thorough survey of all the corrosion investi- 
gations that could be discovered, a method has been dev- 
eloped which has low variability, and which has higher 
accuracy and consumes less time than is claimed for the 
methods used by the best investigators in the field, 


This method consists in introducing controlled mech- 


€mical agitation in the "quiet method''! recommended by 


Calcott and Whetzel (Preprint, Am. Inst. Chem. Eng., June 
23, 1923, p. 20). 


ha A definite addition has been made to our present 
knowledge of the corrosive properties of phosphoric acid 
by a careful study of the same with a number of mater- 
ials under a variety of conditions, 


3. It has been discovered that hydrofluoric acid may 
act either as a retarder or an accelerator of the rate 
of corrosion of certain metals by phosphoric acid, 


4. Some contribution has been made toward the develop- 

ment of a more severe test than has been employed hither- 
to. This test consists in mechanically dipping the test 

piece in and out of the corroding solution over a period 

of time. 


ae A chemical hypothesis has been advanced to explain 
the accelerating action of hydrofluoric acid on the rate 
of corrosion of "duraloy" by phosphoric acid. 


The results of this investigation indicate: 


1. More accurate or reproducable results for rates of 
corrosion are obtained in a shorter period of time by in- 
troducing controlled agitation in the "quiet method" rec- 
commended by Calcott and Whetzel (Preprint, Am. Inst, 


Chem, Eng., June Bees yl ese 20) 
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They claimed that relatively good accuracy (results will 
be 20 per cent + high) may be obtained in most cases by 
omitting the first measurement and averaging the rate 
over the entire period from zero to ninety-six hours. 


26 Aluminium, not hitherto investigated in detail, is 
greatly corroded in all concentrations of phosphoric acid 
and at all temperatures. 


Be "Monel Metal! is resBtant to corrosion by phosphoric 
acid in concentrations of 10%, 21%, 40%, 66.48% and 85% 
at low temperatures but not at high temperatures, 


4, “"Duriron' and i'duraloy'' are resistance to corrosion 
by phosphoric acid in concentrations of 21% , 40%, and 
66.48% at all temperatures, 


5. “Impression lead'', St. Joe Chemical lead", and 
"At. lead'' are practically resistant to corrosion by 
21%, 40% and 66.48% phosphoric acid solutions at 37. g° C. 
and at the boiling points of the solutions, 


6, It was found at 37.8° C. that the rate of corrosion 
of "duriron!! and "duraloy'! in phosphoric acid solutions, 
irrespective of concentration, is greatly accelerated by 
the presence of low concentrations of hydrofluoric acid, 
Higher temperatures were difficult to investigate. 


ds It was found at 37.8° C. that the rate of corrosion 
of 'monel metal'', "Impression lead'! and "St. Joe Chemical 
lead" in 21% phosphoric acid solution is accelerated by — 
the presence of low concentrations of hydrofluoric acid. 


8. It was found at 37.8° C. that the rate of corrosion 
of "At. lead't in 21% phosphoric acid solution is retarded 


by the presence of low concentrations of hydrofluoric 
acid. 


se It was found at cu aes C. that the rate of corrosion 
of "monel metal, "Impression lead", "St. Joe Chemical 
lead" and "At. lead" in 40% and 66.48% phosphoric acid 
Solutions is retarded by the presence of low concentra-~ 
tions of hydrofluoric acid. 


Gis 
INTRODUCTION 


The growing interest in concentrated superphosphates, 
the increasing demand for phosphoric acid in the indus- 
tries, and the high rate of corrosion of the materials 
of construction used in its manufacture make it very de- 
Sirable that a careful study of the resistance of such 
materials to the corrosive action of the acid be under- 
taken, 


Fluorine compounds are well known to be present in 
phosphate rocks and are believed to increase the rate 
of corrosion of equipment used in the manufacture of 
phosphoric acid. The nature of this influende has, how- 
ever, not been pointed out in the literature. 


In order to increase the value of this work by du- 
plicating actual industrial conditions, efforts were 
made to obtain crude phosphoric acids, but it was im- 
possible to obtain them; accordingly acids of the fol- 
lowing strengths, 16° Be. (21%), 30° Be. (40%), and 
48° Be. (66.48%) were made up from the laboratory stock 
of phosphoric acid. 


The metals were tested with the above acids without 
the presence of hydrofluoric acid and also with the same 
containing .5%, 1.25% and 2% hydrofluoric acid, in order 
to determine whether or not the presence of hydrofluoric 
acid affected the rate of corrosion of the metals, 


HISTORICAL 
I -« History of Methods of Corrions Testing, by Immersion, 


A survey of the available literature indicates a 
lack of reliable data and disclosed a wide difference in 
methods of testing and in methods of expressing results, 
Some methods give few details. No two investigators are 
in agreement on the following points of technique: 


1. Size of test piece. 
2. Methods of preparing surfaces of material. 
3. Volume of solution, 
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4. Methods of suspension in corroding liquid. 

5. Degree of submergence. 

6. Material at rest or in motion. 

7. Corroding liquid at rest or in motion. 

8. Constant strength corroding liquid or a fixed 
initial strength decreasing as the action pro- 
gresses, 

9. Methods of preparing corroded samples before 
weighing. 

10. Hydrogen-ion concentration of solutions, 
aL Temperature control. 
12. -Presence or absence of air. 


A.S.Cushman (Proc. Am. Soc. for Test. Mat. dy 2088 
(1907) made the following tentative suggestion as an 
acid test for iron and steél: samples to be tested are 
first stamped with suitable marks for identification 
and are then accurately machined to the standard size 
(2 inches long, 4 inch wide, 1/16 inch thick), cut 
longitudinally in the direction in which the metal is 
rolled. Hole 1/8 inch in diameter, bored 1/14 inch from 
end of sample, metal polished with #00 emery paper and 
finally with flour emery, polish marks run at right 
angles- to rolling; weighed (4 decimals); strung on glass 
rod (1/8 d.) with double right angle bends at each end; 
immersed } inch below surface of the liquid, suspended 
? . inch apart; acid 20% H 580 (1. 144 SP. 8. at 15° C.); 
immersed one hour at eer pele 15° C.;3 at the end of 
one hour, pieces quickly removed, rinsed in running 
water, wiped dry and kept one hour in a desiccator over 
H5S04 before weighing. The results should be recorded 
as: percentage loss, calculated on the original weight 
of the sample. 


Friend and Brown (J. Chem, Soc. 99, 1302-6 (1907)), 
in testing the action of salt solution and sea water on 
iron at various temperatures, exposed plates of Kahl- 
baum's pure iron foil, measuring 5 x 4 cm. in area, to 
Solutions of the sulphates and chlorides of potassium 
and sodium. The plates were introduced into beakers 
(one plate in each beaker) in such a manner that their 
four corners nested in contact with the sides and bottom 
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of the beaker, and were covered with 100 cc. of solution. 
Beakers were then loosely covered with a bell jar to pre- 
vent access of dust but so arranged as to allow free 
passage of air. Precautions were likewise taken to pre- 
vent unequal illumination, After a period os fourteen 
days the plates were removed. cleaned and weighed, the 
loss of weight being taken as a measure of corrosion, 


Friend and Brown made no study of influence of size 
of piece, volume of solution or time of exposure, 


Atchison (J. Chem. Soc. AS Pe SS (1915)) in exper- 
iments on the corrosion of molybdenum steel used the 
following method: The test pieces were cleaned with 
emery paper and then immersed in dry ether for 4 hour, 
After this they were removed to a désiccator; then 
weighed, suspended in beakers by a glass rod, five ina 
beaker. Corrosive liquids: (a) 3% solution of NaCl, (bd) 
1% solution of H,S0 , (c) 10% solution of H,SO,, (d) or- 
dinary tap water. Bime: be) 77 days... >). 7 .sdewes (c) 
48 hours, (a) 77 days, the water being changed twice at 
regular intervals during that time, The pieces were 
removed, cleaned with test tube brush, and a towel, 
dried in ether and weighed, Steels analyzed. 


A.J.Hale and H.S.Foster (J. Soc. Chem. Ind. SA. A464 
(1915) C.A. yee bt (1915)) compared the corrosive action 
of dilute solutions of acids, alkalis and salts upon 
eight different metals, by estimating the loss in weight 
which results after immersion for a certain time. The 
total area of sheet metal used in each case was one 
Square decimeter. Temperature was 17° Oe and “2a°"n, 
and the metals were commercial samples. Cleaned and 
polished pieces were immersed for sever days in 5 liters 
of solution, renewed every day for 28 days in 1 liter 
not renewed, and for 4 hours in .2 N. acid. The metals 
were cleaned after removal by rubbing them with a piece 
of soft wood or a cork, 


The metals studied were commercial zinc, cast iron, 
wrought iron, aluminium, lead, copper, tin, and nickel, 


The solvents tested were dilute solutions of HNO3, 
HCl, H £0 p: MgCl5, NaOH, CaCl, NaCl, NH,OH and NapCO3. 


= Os 


Loss in weight was greater by renewal of solution 
every day. | ts 


F.J.R.Carcilla (J. Soc. Chem. Ind., 28, 508, (1910)) 
adopted the immersion method for testing the action of 
chlorides on cast iron. The unit of area chosen was the 
Square eighth of an inch (1/8" x 1/8"). 


The weight of iron pieces was determined before and 
after the experiment. (1) After immersion of the pieces 
of iron the whole was heated for % hour and then put aside 
for two-days, taken out, washed, dried and reweighed. (2) 
Experiment heated 85 minutes and let stand three days. 
Surface units recorded and no volume of solution given. 


R. Seligman and P, Williams (J. Soc. Chem. Ind. 35% 
88.93 (1916) ) in testing the action of boiling acetic 
acid on aluminium used metal in the form of thin rolled 
strips, .5 mm thick and 70 x 25 mm, in size. After be- 
ing annealed, unless otherwise stated, the samples were 
cleaned by immersion in warm 5% caustic soda, rashed with 
water, plunged into warm nitric acid (1 vol. of acid of 
Spe kre 1.42 to 1 vol. H.0) , again washed and finally 
dried in an air bath at 100 - 120° C, 


The numerical results are all given as milligrams 


of aluminium per 24 hours per pee Sq. cm. This is termed 
the solution rate. 


J.F.Thompson and R.J. McKay (J. Ind. & Eng. Chem. 
15, 1114 (1923)) claimed and showed that exact results 
could be obtained in corrosion tests by liquid immersion 
when quantitative control of the aeration of the corrod- 
ing liguid and motion of the corroding liquid relative 


to the corroded solid is maintained. The results were 
within 5 percent, 


They used test pieces 1 inch in diameter and .25 
inch thick. Duration of tests was usually 20 hours. Vol- 


ume of solution was 3 liters and results were expressed 
as Mg/sq. dm. /daay. 


“hese authors did not study the effect of time in 
order to determine whether or not the rate is the same 
in longer periods of time as in 20 hours, 


ne 


J.I.Crabtree and G.E.Matthews (J. Ind. & Eng. Chem. 
we 671 (1924)) exposed strips of 'tmonel metal! to photo- 
graphic solutions for a period of eight weeks. The re~ 
sults were shown by photographs. The method of cleaning 
and size of strips were not given, 


Calcott and Whetzel (Preprints Am, Inst. Chem, Eng., 
June 23, 1923, p. 20) made a complete study of the tech- 
Nique of testing corrosion and found, that the shape of 
test piece does not affect results within a reasonable 
range of ratio of length of edge to surface and suggested 
size 2" x 1' x ,1" (area = 4.6 sq. in.) however, other 
shapes may be used within a range of ratio of length of 
edge to total area of test piece between 4 and 8. They 
found that the effect of volume of corroding solution on 
rate of corrosion becomes practically negligible if a 
volume in excess of a certain minimum is used and sug- 
gested 250 cc. per test piece of given area (4.6 sq. in.) 
for fairly rapid corrosion rate (,01 in, penetration per 
month), and that the volume be increased in proportion 
for pieces of greater area. As the temperature coef- 
ficient is high for all reactions they suggested control 
of temperature within 19 C, It was also found that the 
results of corrosion tests will vary enormously with the 
time of exposure and it was suggested that tests be made 
at 48 and 96 hours, They stated that relatively good 
accuracy (results will be 20 per cent + high) may be ob- 
tained in most cases by omitting the first measurement 
and averaging the rate over the entire period from zero 
to ninety-six hours, 


No method was found in the literature in which dip- 
ping the sample in and out of the solution was used, How- 
ever, it is well known that oxygen is a great factor in 
the corrosion of metals. 


McKay and Thompson (J. Ind. & Eng, Chem, 15, 1114 
(1923)) in studying the corrosion of metals in pickling 
Sdutions found that moving the sample up and down ina 
solution saturated with air greatly increased the rate 
of corrosion. These results agreed with those found in 
practice, 
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Friend (The Corrosion of Iron and Steel (1911), p. 

87} points out the known fact that iron corrodes most 
‘rapidly when subjected to the alternate action of wet 
and dry, as occurs when the metal is partially immersed. 
The rate of corrosion of the metal is greatest at the 
surface of the liquid because the liquid in contact with 
the atmosphere is practically saturated with oxygen. The | 
rate is reduced at points far below the surface, due to 
Slow diffusion of oxygen. 


II -_History of Corrosion by Phosphoric Acid. 
There is very little in the published literature 
dealing with the resistance of chemical engineering ma~ 
terials to corrosion by phosphoric acid. 


P.D.Mercia (Chem. & Met. Eng. 24, 649 (1921)) stated 
that "monel metal'' is resistant to weak phosphoric acid. 


U.S.Bureau of Standards depreciation tests on "dur- 
iron'' (Bulletin No. 116-B, the Duriron Company, Dayton, 
Ohio) show 'tDuriron!! to be resistant to corrosion by 
phosphoric acid in cold and hot solutions. 


John Arnott (Trans. Fara. Soc., Pt. I, July, 1923) 
found that "monel metal’! in phosphoric acid (1.35 sp.gr.) 
at room temperature lost .271 mg. {dm during 2,000 hours, 


"Phosphoric acid attacks glass, porcelain and other 
Silicates, also fused silica at a temperature above 
300°, silicyl phosphate and phosphates of the bases being 
formed. It dissolves ferro-chromium alloys, ferro- 
Silicon, and spiegeleisen, but the silica of the latter 
remains undissolved." (Dict. Appled Chem. Thorpe, 4,215). 


According to E,R.Hodges (Chem. News 123:141; Jd. 


Inst. Metals 27:419; C.A., 214 (1922)) phosphoric acid 
readily attacks aluminum, 


O.L.Kowalke (Chem. & Met, Eng. 22, 37 (1920)) states 
that "Copper-aluminum-iron bronze A is resistant to 
phosphoric acid." 


TENDENCY OF CORROSION REACTIONS 


The driving forces of corrosion are almost entirely 
electrochemical, the electrochemical theory for natural 


wy ee 
corrosion having been generally accepted in this country. 


The following ionic reaction (Calcott and Whetzel 
(Preprint, Am. Inst. Chem. Eng., June 23419234 phebwy aie 
characteristic of all cases of acid corrosion, 


M+ H” = Mt +H 


The reversibility of the corrosion reaction is controlled 
by the four primary terms composing it and is summar- 
ized as follows: baeet 

M + Fe oe a a H 


1. Protective coat 3. H ion 4, Metal ion 5. Overvoltage 
2. Metal Potential ConcentrationConcentration 6. Depolar- 

ization 
1. Protective coat. 


A film of an insoluble substance may form on the 
surface of the metal protecting it from the action of 
the solution, The efficiency of the protective coat 
will depend on the concentration, temperature and move- 
ment of the corroding liquid, The corrosion will in- 
crease as the solubility or the removal of the coat is 
accelerated, For example, lead sulfate will dissolve in 
concentrated sulfuric acid, but is insoluble in dilute 
acid. 


2. Metal potential, 


The solution tension of the metal determines its 
affinity for the ion producing corrosion and is an impor- 
tant factor in determining its tendency to go into solu- 
tion. Due to nonhomogeneity of metals in use, this ten- 
dency in dilut solutions is negligible compared to the 
electrolytic action set up on the metal surface between 
points of different potential; but a very high corrosion 
over a broad area will result if two metals are immersed 
in strong elec#@rolytes of low resistance such as are en- 
countered in chemical plants. 


3. Hydrogen ion concentration. 


The effective potential producing corrosion is only 
affected by enormous changes in the hydrogen ion concen- 
tration. Electrochemical considerations give tendencies, 


but whether the reaction will take place appreciably is 
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determined by purely chemical fadtors such as effect of 
concentration changes in the corroding liquid on the solu- 
bility of the products of corrosion, especially protective 
coats. In very dilute acid (P H below 4) hydrogen ion 
concentration becomes an important variable. (R. E. Wil- 
son, J. Ind, & Eng. Chem. 15, 127 (1923)). 


4. Métal ion concentration. 


The influence of the metal ion concentration is re- 
latively unimportant and usually negligible in its effect 
on the “solution tension of the metal in problems of corro- 
sion, 


5. Overvoltage. 


When a current flows between two points of differ- 
ent potential on the surface of a metal a back electro-~ 
motive force appears. This force measured against the 
hydrogen electrode is the overvoltage. For minimum 


corrosion, the overvoltage should be high and the nega- 
tive potential low. 


on Depolarization, 


Anything that causes the removal of products of 
corrosion from the surface of the metal accelerates 
corrosion, Oxidizing agents increase the rate of corro- 
Sion by converting hydrogen into water, Polarization is 
decreased by increase of temperature and movement of the 
liquid across the surface of the metal, 


EXPERIMENTAL 


.- The experimental work was taken up with the fol- 
lowing points in view: | 

1. The influence of the method of testing, 

2. The effect of temperature on the rate of cor- 
rosion of chemical engineering materials in 
phosphoric acid solution, 

3. The effect of concentration of phosphoric acid 


solution on the rate of corrosion of chemical 
engineering materials, 2 
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4. The effect of addition of varying amounts of hy- 
drofluoric acid to phosphoric acid solution on 
the rate of corrosion, 


INFLUENCE OF METHOD OF TESTING, 


The general method employed for determining the 
rate of corrosion consists in exposing the specimen to 
the action of the corrosive agent for a definite time 
and determining the loss of weight per unit area. 


For determining the influence of method of testing 
it was decided to use the ''quiet method'' proposed by 
Calcott and Whetzel (Preprint, Am, Inst. Chem. Eng., 
June 23, 1923, p. 20). For comparison of results the 
"quiet method''! was varied by the introduction of mechan~ 
ically controlled agitation of thesolution. 


The methods, in detail, are as follows: 
MATERIALS AND PROCEDURE, 


Metal Test Piece: Size 2! x 1" x .1" ( areas 4,6 
Sqe in,). Dimensions accurate to .01", 


Preparation: The strips of indicated size were cut 
from flat sheet metal. In the case of 'duriron'’ small 
Sample discs were used. The harder metals, ('tduriron", 
"duraloy', 'monel metal'',) were cleaned with a mixture 
of emery and pumice. For the softer metals, lead and 
aluminium, pumice was used. A hole 1/8" in diameter 
was drilled through the sample 1/8 from the top. A 
special glass hook hanger was used for the "duriron!! 
samples. 


The test pieces were numbered, then washed in run- 
ning water, dried and dipped in acetone to remove any 
grease, washed in alcohol and ether and dried ina 
desiccator over calcium chloride, then weighed. 


Corroding agent, 


(a) Volume; 250 cc. of solution were used. 


(b) Concentration; for determining influence of the 
method of testing solution of 10%, 40% and 85% 
were used. Also concentrations af 21%, 40% and 


ae ee 
66.48% were made up to correspond to the strength 
of crude commercial phosphoric acid derived from 
phosphate rock. These concentrations are express-~ 
ed, in per cent df weight. 


In mixtures of phosphoric and hydrofluoric acid the 
per cent of phosphoric acid was kept constant and the per 
cent of hydrofluoric acia varied. The concentration of 
the corroding agent was allowed to change as the corro- 
Sion proceeded, 


Procedure: The corroding solution was placed in 
the 500 cc. wide-mouth Erlenmeyer flask as shown in the 
drawing, (page 21) and brought to the temperature of 
test. The weighed metal test piece was then suspended 
upon the glass hook and immersed in the corroding solu- 
tion, the top edge being #" from surface of the liquid. 
The test piece, after being left in the solution the 
reguired number of hours, was removed, washed in running 
water, any coating removed, washed in distilled water, 
alcohol and ether and aa od over calcium chloride, then 
weighed, 


Calculations: (Taken from Calcott and Whetzel). 
If W 


loss in weight in grams of test piece during im- 
mersion, 

area of test piece in square inches. 

density of metal in grams per cubic centimeter, 
time of exposure in hours. 


th at 


ij 


A 

Ss 

t 

then 

O = rate of chemical corrosion wa aedhi hei as inches 
penetrated per month, 


24 x 30 x W ee W 

> ea ge © ge aimee ee ae = ‘ meni teS 

(2.54), Ast OF AG Ane ieee 

Knowing the thickness of a piece of engineering 

material, one can approximate the length of its life 
by dividing the thickness by the penetration per month. 
-O1" penetration per month is considered a very high 
rate of corrosion, 


In order to calculate the pitting corrsion, let 
p= loss in weight in grams due to grinding out pits, then 
D= rate of penetration of metal by both normal corrosion 


over the entire surface and local action dur to pitting, 
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Apparatus: 
See drawing, (page 16). 


A 500 cc. wide-mouth Erlenmeyer flask (mouth re- 
quired No. 9 rubber stopper) was used for the corroding 
vessel, This allowed a depth of solution of two and 
one~half inches, Through the stopper were inserted. 


1, Adapter (a). At low temperatures the adapter 
served aS an air condenser; at high temperatures a re- 
flux condenser was attached. 


2. Glass hook (b) from which the test piece was 
suspended, 


3. Opening for stirrer (c). For the quiet tests 
this opening was omitted. 


Agitation Apparatus. The stirrer (c) bie made of 
glass rod. The blades were 7/16" long and ae wide and 
turned so as to throw the solution to the rigs of the 
vessel and also to give it an upward motion, 


Rubber tubing (d) connected the stirrer to the 
pulley outfit (e) which consisted of a two cone reduc- 
tion pulley (1g", 1'') mounted on a 3/16" shaft. This 
was driven by means of a heavy cord belt from a 13" 
pulley cake mounted on a horizontal shaft 3/8 in diam- 
eter, The stirring apparatus was geared to 680 revolu- 
tions per minute. 


A Robbins and Meyer motor (1/20 H.P., 60 cycle; 
1750 r. pm.; 2.3A) was used to drive the shaft. The 
cone pulley (h), driven by pulley (g) on the shaft, was 
used for driving the stirrer in thermostat, 


Thermostat, 


A double wall thermostat (21'' x 14" x 11" inside 
dimensions) made of 24 gauge galvanized sheet iron was 
used, 

The temperature was controlled to + vin Tee yee, means 
of a poney relay and toluene thermo-regulator, 


Corroding Apparatus % 
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In working with hydrofluoric acid the stirrer and 
inside of flasks were covered with beeswax to prevent 
the glass from being attacked by the acid. This proved 
very satisfactory at low temperatures but failed at 
higher temperatures because of the low melting point 
(about 50° C.) of the beeswax. 


APPARATUR FOR ''DIPPING IN AND OUT!' METHOD, 
(See drawing on page 18) 


The conditions are maintained as above in the agi- 
tated and quiet methods except the samples are dipped 
in and out of the solution. The samples are hung on 
glass hooks Ch) which are attached by rubber tubing 
(c) to the glass rod frame (d). The hooks are free to 
move up and down through the stoppers which are partial- 
ly cut away to allow circulation of air (See drawing (h)), 
The up and down motion is effected by a six inch pulley 
(e) in which is inserted, off center, a heavy copper 
wire (f). This wire is connected to the glass frame by 
‘means of a heavy cord (g). The pulley (e) is geared to 
twelve revolutions per minute. The length of the stroke 
is such as to bring the sample one-fourth inch above 
the surface of the liquid. 


NATURE OF THE CORROSION OF THE METALS STUDIED. 


The metals were evenly corroded with the exception 
of "duriron'', corroding in phosphoric-hydrofluoric acid 
mixtures. In this case the metal beneath the black 
coating was very much pitted, 


The coatings peculiar to each metal were apparent- 
ly the same in all concentrations of acid and at all 
temperatures studied, differing only in degree of thick- 
ness, <A description of the metals is given in the fol- 
lowing table: 


Apparatus for Dipping Sample In and Out of bs 
Solution Racy’ 


Metal Composition 


wa ES os 


In 


Density Appearance after Corrosion 


In 


H3P0 Soln,. H3PO, Soin, 
without HF with HF, 


Monel 67%Ni,28%Cu 


5% other metals 


Aluminium 99% Al. 


Duriron Si 14, 25%,Fe 


84. 6%;Mn .35%, 


C .6%,P .16%, 
S .04% 


Duraloy Cr.,Fe.% not 


given 


Impression not 
lead. given. 


St. Zoe 99.92%Pb. 
chem. lead Sb.Sn.Ni. 


Co.2n.0u., 


06%, Ag. 
011% 


At. lead 6% Sb. 


8.8 


she ge 


IV o0 


10.78 


Brown 
coating 


No coating; 


Surface 
Slightly 
stained. 


Surface 
bright. 


Bright 


éray 
coating. 


Gray 
coating 


Gray 
coating 


Brown 
coating 


evenly 
attacked, 


Heavy black 


coating, 
metal pitted. 


No coating. 
Surface even- 
ly corroded, 
Bright gray 


coating. 


Gray coating. 


Gray coating. 


INFLUENCE OF METHOD OF TESTING 
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Runs of forty-eight and ninety-six hours were made 
with 10%, 40%, and 85% phosphoric acid solutions, to note 
the effect of time on the rate of corrosion in quiet and 


agitated solutions, 


20 ~ 
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TABLE [I 
Effect of Time of Exposure upon Rate of Corrosion of 
Aluminium, 


(See Plates 1, 3, and 5) 


Temperature 25° C. 


(ste eee ener eee 


Conditions Penetration Inches 


Time-hrs, Method 10% 40% 85% 
S r e s 
HPO, oln H5P0)4 Soln HPO, Soln 


6 A 0.000136 0,000318 0.000881 
6 Q 0.0001342 0.0003166 0.000896 
24 A 0.000499 0.001267 0.003915 
24 Q 0.00048 0.00128 

48 A 0.00104 0.00263 0.00771 
48 Q 0.001027 0.002567 0.00736 
96 A 0.00217 0.00524 0.01507 
96 Q 0.002071 0.005267 0.01469 


oln. Agitated 
oln. Quiet 


S 
Ss 


It was found in the case of aluminium corroding in 
phosphoric acid solution (See Table I and Plate Le that 
the rate of corrosion (penetration inches) was a straight 
line function of the time in both agitated and quiet 
solutions (even in quiet solution the evolution of gas 
caused agitation. ) 


Seligman and Williams (J. Soc. Chem. Ind. 35, 665, 
(1916)) found the same to be true of aluminium corrod- 
ing in nitric acid. Therefore, any interval of time may . 
be used for calculation of the corrosion rate for alum- 
inium, 


Penetration Inches/mo. 
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PLATE II. 
EFFECT OF TEMP., CONCENTRATION AND 
AGITATION OF SOLUTION 
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TABLE II 


Effect of Temperature and Concentration on Rate of 
Corrosion of Monel Metal (Laboratory Stock). 


Conditions Penetration Inches/no. 
Time Method Temper- 10% H3P0, 40% Bod 85% H3P04 
ee Soln. Soln. Soln. 
che 
48 A 25. 0.00452 0.00175 0.00083 
96 A 25 0.004276 0.001628 0.0008593 
48 Q 25 0.001155 0.001902 0,.0005239 
96 Q 25 0.0006327 0.002826 0.0004485 
48 A 50 0.0087996 0,010788  0.0075605 
96 A 50 0.0081197 0.0094833 0.009003 
48 Q 50 0.006321 0.0093840 0.0080556 
96 Q 50 0.006909 0.0088034 0.008877 
seh otteme 75 0.01546 0.02174 0.02764 
48 Q 75 0.01744 0.02131 0.02556 
96 Q 75 0.013363 0.016846 0.016178 
48 B.P. 0.025854 0.05038 0.29446 
96 B.P. 0.021234 0.03994 


soln, agitated 
soln. quiet. 
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In the case of "monel metal"! in agitated solution 
(See Table II) the rates cf corrosion averaged over 
forty-eight and ninety-six hours for penetrations below 
eO1 inch per month.were in fair agreement, giving values 
varying 1.7% to 8.7% from the average. In the case of 
quiet solutions the values varied 3.2% to 30% from the 
average. : 


The large percentage variations between forty-~ 
eight and ninety-six hour runs in quiet solutions at 
25° C. disappeared at 50° and 75° C. Higher tempera~ 
ture seems to aid in overcoming initial effects such 
as overvoltage and length of time required for the 
formation of a protective coat, 


= one 


It also may be noted (See Table II and Plate II) 
that agitation caused a higher rate of corrosion at 
lower temperatures and lower concentrations than occurs 
in solutions at rest, This same effect was noted by 
J.F.Thompson and R.J.McKay (J. Ind. & Eng. Chem. 15, 
1114 (1923)) when testing the rate of corrosion of 
"monel metal'' in 6% sulfuric acid solution. 


TABLE Ii! 


- 


Effect of Temperature and Concentration on the Rate of 
Corrosion of Aluminium. (See Plates 3 and 5) 
Time of Runs - 6 hours. 


Conditions Rate of corrosion 
Inches Penetration/ MO. 


Method Temperature 10% HPO) 40% HPO, 85% HPO 4 
C Soln. Soln, Sol 


SLL NCL ICE LS AS TTC LE aE CT EGA SE ge PU ee gepenoetasitcaascesttettitas 


A 25 -0163 0381 21055 

Q 25 0161 .0380 1077 

A 50 .120 2342 ~ 855 

Q 50 Pes 343 2832 

A 75 . 662 5 ah. 2.68 

Q 75 « 640 1.57 2,322 
A Solution agitated 


ub 


Q 
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Solution quiet. 


In the case of aluminium corroding in phosphoric 
acid solution, agitation produced a higher rate of cor- 
roSion at high temperatures and high concentrations for 
a short period of time (See Table III and Plate III) 
than occurs in solution at rest, 


At low temperatures and for longer periods of time 
the difference between the corrosion rate in guiet and 
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PLATE. 


CORROSION OF ALUMINUM BY 


PHOSPHORIC ACID 
Effect of Goncentration | 
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agitated solutions becomes more pronounced as the con- 
centration increases, 


From their work on quiet solutions W.S.Calcott and 
J.C.Whetzel (Preprint, Am. Inst. Chem, Eng., June 23, 
1923, p. 23) found that the results of the corrosion 
tests varied enormously with the time of exposure. They 
explained this variation as being due to initial elec- 
trochemical surface actions, such as overvoltage and to 
the period of time required for the formation of a pro- 
tective coat, and stated that both of these require 
time for-reaching the equilibrium which will be main- 
tained over a long period of time, 


It is evident from the above results that agita- 
tion of the corroding solution brings about the equili- 
brium in a shorter period of time and also prevents the 
formation of quasiconcentration cells (McKay, Trans. 
Am, Electrochem. Soc, 41, 201 (1922)) which accelerate 
corrosion at one point and inhibit it in others, 


TABLE IV 


Effect of Method of Testing on Rate of Corrosion, 
Monel Metal (Hot Rolled) 
Temperature 50° 6, 
Time of Runs-- 48 hours. 


ees 7 


Acid Penetration Inches/ MO. 


Air bubbled Sample dip- Agita- % devia- 


through ped in and tion. tion from 
solution out of so- average 


| lution 


20% HPO , 002837 2010221 .003681 2, 8% 
003211 010128 003480 


10% HSO 4 004401 .009127 .004309 6.2% 
.004334 .008442 -004886 


10% HCL 05696 .03320 - 008232 4.6% 
05491 02077 008920 


ie 


Table IV shows the accuracy of results obtained by | 
agitation of solutions. ‘Monel metal'' was tested in 
solutions of three different acids. The following ree 
sults were obtained: in 20% phosphoric acid solution 
the deviation from the average of results was 2.8%; in 
10% sulfuric acid solution the deviation was 6.2%; in 
10% hydrochloric acid solution the deviation was 4.6%. 


Because of the accuracy of results at low and high 
temperatures in agitated solutions, it was decided to 
use this method exclusively for the experiments with 
phosphoric and hydrofluoric acid solutions. 


OTHER VARIATIONS IN TESTING. 


Table IV also shows the effect of bubbling air 
through the solution and dipping test piece in and out 
of solution. In case of 20% phosphoric acid, the dip- 
ping method increased the rate of corrosion 283.3%. 
Air agitation slightly retarded the rate of corrosion. 


This effect was noted in earlier experiments and 
is probably due to the retarding action of carbon di- 
oxide which may be dissolved in the phosphoric acid 
solution, 


In 10% sulfuric acid the dipping method increases 
the rate of corrosion, However, there is little dif- 
ference between the rates of corrosion with mechanical 
agitation and air agitation. 


In 10% hydrochloric acid, the dipping method 
causes a higher rate of cerrosion than mechanical agi- 
tation; air agitation caused a very large increase in 
the rate of corrosion. 


The dipping method is quite comparable to manu-~ 
facturing processes in which the liquid is rising and 
falling, thus exposing moist surfaces of metal to the 
atmosphere above the liquid. These methods are to be 
further studied. 
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THE EFFECT OF TEMPERATURE ON THE RATE OF CORROSION 
BY PHOSPHORIC ACID. 


Samples were tested in different strengths of phos- 
phoric acid at different temperatures. 


The increase in the rate of corrosion for each 10° C, 
rise in temperature is given as follows: 


Monel metal't ~ (See Table II and Plate TU). 


1.4 times in 10% phosphoric acid solution, 
1.7 times in 40% phosphoric acid solution, 
2.0 times in 95% phosphoric acid solution, 


Aluminium (See Table III and Plates III and V). 


2.0 times in 10% phosphoric acid solution, 
2,1 times in 40% phosphoric acid solution, 
2.0 times in 85% phosphoric acid solution, 


"Duriron" and "duraloy" (See Table V) are practi- 
cally resistant to corrosion by phosphoric acid at all 
temperatures and at all concentrations up to 66.48%. 


The effect of temperature on the rate of corrosion 
of the leads is very. peculiar, (See Table V and Plate 
VI), in that the rate falls off after a certain maxi- 
mum temperature has been reached. 


In 21% phosphoric acid solution the rate is high. 
est at 75° C. and lowest at the boiling point (102°0.4 
This same tendency is observed in the more concentrated 
Solutions, but it is not so pronounced, 


It was noted that, on cooling, crystals of lead 
salt separated ftom the 21% phosphoric acid solution 
fun at «75, 1s may be inferred from this fact that 
the lead salt formed is less soluble at 37.8° C. and 
at the boiling point (102° C.) than at 75° C. and is 
deposited as a precipitate, which acts as a protective 
coat on the metal. 


ire = 


TABLE V 


Effect of Temperature and Concentration on the Rate 
of Corrosion of Various Metals by H PO Solutions. 


Time of Runs - 48 hours. 


Metal Temperature 21% 40% 66, 48% 
5 C HPO) Soln,. HPO 4 Soln. HPO 4 Soln. 
Monel 37.8 002412 .001328 000895 
5. 004485 .00450 .003068 
B.P. . 003783 .006837 01095 
Duraloy 37.8 0000105 .0000444 .0000313 
75 .0000496 0001071 ~ 0000496 
B.P. 0000470 0000888 .0007183 
Duriron 37.8 0000515 0000206 . 0000309 
75 0000875 0001905 . 0000309 
B.P. .0000773 . 0000000 ~ 0000052 
Impression 37.8 .003697 .003980 004271 
Lead 75 . 008005 .005325 «006065 
B.P. -000391 .000524 . 004883 
St.Joe Chem. 37.8 - 004334 .004240 006425 
Lead 75 007720 004899 .005180 
Bor. 000466 000519 006725 
At. Lead 6% 37.8 007850 004284 - 004844 
ike, .012229 .004617 «006300 
B.P. 000435 000824. 004811 


Rate of Corrosion 


Solutions agitated. 


Inches Penetration/mo, 


INFLUENCE OF CONCENTRATION 


Ae  eieEeEOeet 0 aE 0 eteaiensiencnerecesseetesteee 0 Coe 


At 25  C. (See Table IT’ and Plate II) the rate of 
corrosion of monel metal decreases as the concentration 
increases, At 50° C, the rate is highest in 40% phos- 
phoric acid and at 715% C. the rate of corrosion increases 
as the concentration of acid increases, 
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PLATE VI 


PLATE VII ) 
Corrosion. Lead Effect of Concentration 
aie Solns. Time of runs 48 hrs. 
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With the exception of "Impression lead" at 37.8° C. 
the rate of corrosion of the leads at 37.8 «, and 75° C. 
in phosphoric acid solution is least in 40% acid. (See 
Table V and Plate VII). At the boiling points of the 
solutions the rate of corrosion increases with the increase 
of concentration, With the exception of ''Impression lead" 
and "St. Joe Chemical lead"! at 37.8° C. the rate of cor- 
rosion at 37.8° CG. and 75° CG. is greatest in 21% phos- 
phoric acid solutions, 


No study has been made of the solubility of lead 
phosphates in different concentrations of phosphoric 
acid. However, it is shown in Plate VII that the rate 
of corrosion decreases as the concentration of acid 
increases, It is probable that the solubility of the 
products of the reaction and of the protective coat de- 
creases as the concentration increases, 


THE EFFECT OF MIXTURES OF HYDROFLUORIC AND PHOSPHORIC 
ACID SOLUTIONS ON THE RATE OF CORROSION. 


The test pieces were immersed in 21%, 40%, and 
66.48% phosphoric acid solutions each containing .5%, 
1.25% and 2% hydrofluoric acid. The solutions were 
agitated. These experiments were conducted to deter- 
mine the effedt of small amounts of hydrofluoric acid, 

In 21% phosphoric acid solution the rate of cor- 
rosion of 'tmonel metal!'' is increased by the addition of 
small amounts of hydrofluoric acid but is decreased by 
further addition, 


; ea 40% acid the rate was not changed, in 66.48% 
acid it was retarded more than one-half of the rate i 
pure phosphoric acid, ; 


The rate of corrosion of "duraloy" and "duriron! 
(See Table VI and Plate VIII) in 21%, 40%, and 66.48% 
phosphoric acid solutions is so greatly increased by the 
addition of hydrofluoric acid that these alloys are ren- 
dered useless as chemical engineering materials in pro- 
cesses where these mixtures occur, 


Duriron (See Plate VIII) in 40% and 66.48% phos- 
phoric acid solution reaches a maximum rate of corrosion 
on the addition of 1.25% hydrofluoric acid. The rate of 
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PLATE VIII 
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TABLE VI 


Effect of Small Percents of HF in H3P04 Solution on the 
Rate of Corrosion, 


Time of runs - 48 hours. Temperature ~ Shee C. 
Solutions Agitated, 
Rate of Corrosion 
Inches Penetration/Month 


Metal Concentration 0,OO0%HF 0.5%HF 1.25%HF 2.0%HF 


-» % by wet. 
Monel, hot 21 .002412 .0042650 .0031820 .003308 
rolled AO .001328 .0011810 .0013110 .001262 
66.48 .000895 .0006900 .0003920 .003916 
Duraloy 21 -0000105 .0000575 .049647 .252154 
40 .0000444 .3867 «4220 - 453418 
66,48 .0000313 .004186 .016820 .263458 
Duriron ea .0000515 .03147 .64400 .0606 
AO .0000206 .1288 21543 .1110 
66,48 .0000309 .1402 «246 .1838 
Impression 21 .003696 .00505 .006000 .005986 
Lead aa .003980 .00371 .002769 .002297 
66,48 004271 .0012959 .0009724 .0006365 
St. Joe Pan -004334 .00314 .00456 .004662 
Chem.Lead 40 -004240 .00369 .002739 .002723 
‘66,48 .006425 .0015603 .0011737 .0006159 
At. Lead 21 .007850 .007120 .005162 .005865 
6% 40 004284 .003664 002978 .003035 


66.48 -004844 .0017499 .0017057 .0010068 


See Plates 8 and 9 


the reaction depends on the solubility of the acids and 


of the products of the reaction in the film at the sur- 
face of the metal. 


Any further increase of hydrofluoric acid would cut 
down the solubility of any fluorides formed, due to the 
common ion effect, 
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The "'duriron'' samples were very much pitted. Bright 
crystals remained on the surface, apparently unaffected. 
The pitting may be caused by the formation of small elec- 
trolytic cells which are not disturbed by agitation of 
the main body of the solution because of the heavy coat 
formed on the surface of the metal. 


CHEMICAL HYPOTHESIS 


In the case of 'fduraloy'' corroding in mixtures of 
phosphoric acid and hydrofluoric acid it was found that 
the rate of corrosion increased with the increase of hy- 
drofluoric acid, and also the amount of corrosion was out 
of proportion to the amount of hydrofluoric acid present, 


It is probable that the hydrofluoric acid attacked 
the chromium and iron, forming fluorides, and these 
fluorides were acted upon by the phosphoric acid, forming 
phosphates and setting free the hydrofluoric acid which 
attacked more of the metal. Increasing the concentration 
of hydrofluoric acid would increase mass of acid at the 
surface of the metal, 


"IMPRESSION LEAD" 


The rate of corrosion of "Impression lead" (See 
Table VI and Plate IX) in 21% phosphoric acid is increased 
36.9% by the addition of .5% hydrofluoric acid solution; 
62,3% by the addition of 1.25% hydrofluoric acid solution 
and 62% by the addition of 2% hydrofluoric acid solution, 


The rate of corrosion in 40% phosphoric acid is 
retarded 6.78% by the addition of .5% hydrofluoric acid 
solution; 30.2% by the addition of 1.25% acid and 42.3% 
by the addition of 2% acid. 


The rate of corrosion in 66.48% phosphoric acid is 
greatly retarded by the addition of hydrofluoric acid. 
The rate is decreased 69.7% by the addition of .5% hydro- 
fluoric acid solution and 85% by the addition of 2% acid. 


It will be noted in Plate IX that the same tendencies 
are present in "'St.,Joe Chemical lead'! and in "At. lead'', 
except that the rate of corrosion of "At. lead" in 21% 
phosphoric acid solution is greatly retarded by the 
addition of hydrofluoric acid. 
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PLATE. Ik, 
Effect of Concentration of H.F. 
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Watts (Hamlin, Turner, Chemical Resistance of Chem- 
ical Engineering Materials, p. 35; Trans, Am. Electrochem, 
Soc. 21, 337-358 .(1912)) found also that hydrofluoric acid 
earacd the action-of sulfuric acid on iron. 


eee A REES OF PHOSPHORIC-HY DROFLUORIG AcID 
MIXTURES. 


In this work-no study was made of the ionization 
of these acids at different concentrations and tempera- 
tures in the presence of each other, <A survey of their 
physical and chemical properties may throw some light on 
their peculiar reactions on the metals, , 


In .1 N solution at 25° C. (Treadwell-Hall, Analy- 
tic Chemistry, 1, p. 9) phosphoric acid is 20-45% isnized; 
hydrofluoric acid is 7-9 % ionized, It is a general 
principle (Stieglitz, Qualitative Chemical Analysis, l, 
pe 102) that the primary ionization of polyvalent acids 
“occurs more. readily than the secondary, and this in turn 
more readily than: the tertiary. | 


The following aré the ionization constants of 
phosphoric. acid (Stieglitz, 1, p. 104): 


eye e 

BPX BoP One iy |p HG PO ge 5904 02 
ar X HPO," / HPO, = .0¢2 
he Peg) BPO) i=. @07 0A 


All phosphates dissolve in acids, (Treadwell-Hall, 
1, 377). This solubility is due to the increase of the 
hydrogen ion of the acid added, causing the so ake 


of the ionization of EPO," and H a Oss 


In the case of the leads corroding in dilute phos-~ 
phoric acid, the normal phosphates are formed and exceed- 
ing the eeintiiiay MEOCC Gar Dak aot PO 4? are deposited 
on the metal. On the addition of hydrofluoric acid the 
ionization of HPO,= and HPO, is reduced and the phos- 
phates go into Bovniion. allcwing more of the acid to 


attack the metal. 
The peculiar effect of the dilute acids on the At. 


lead must be due to the presence of antimony. It is 
possible that the overvoltage is increased in mixtures 


i ACTS 
of the two acids. 


In concentrated phosphoric acid the ionization of 
HoPO,” and HPO,” is further reduced and the retarding 


action of hydrofluoric acid is possible due to the low 
solubility of the phosphates and Fluorides of lead in 
mixtures of these acids. 


Preliminary investigations with mixtures of hydro- 
fluoric and phosphoric acids were made at higher temper-~ 
atures, viz., 75° C. and at the boiling point of the 
Solutions, but the hydrofluoric acid attacked the glass 
as well_as the test pieces. The results, however, seem 
to indicate that the rate of corrosion at 75° C. was in- 
creased over that at 37.8° C. At the boiling point of 
the solutions the rate was decreased to such an extent 
as to indicate that the hydrofluoric acid was volatilized. 
Special flasks are being made to carry on the investiga- 
tion at higher temperatures, | 


CONCLUSIONS. 


1. With control of factors affecting the rate of 
corrosion (temperature, concentration of solutions, size 
of test piece, cleaning, etc.) agitation of solution pro- 
duces more accurate results in a shorter period of time 
than obtained by the "Quiet Method! (Calcott and Whetzel, 
Preprint, Am, Inst. Chem, Eng., June 23, 1923, p..20)) 


2. At 37.8° hydrofluoric acid in the presence of 
phosphoric acid may act either as a retarder or an ac- 
celerator of the rate of corrosion of the metals studied, 


3. Of the metals studied "monel metal'' is the most 
resistant to corrosion by mixtures of phosphoric and hy-= 
drofluoric acids at 37.8° C, Other temperatures were 
not studied, | 


4. Of the chemical engineering materials studied, 
“duriron' and "duraloy"' are the most resistant to phos- 
phoric acid alone and probably would be the best in 
which to evaporate phosphoric acid after the removal of 
hydrofluoric acid, 
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